Objective: To evaluate the relation between pressure derived coronary collateral flow (PDCF) index and angiographic TIMI (thrombolysis in myocardial infarction) myocardial perfusion (TMP) grade, angiographic collateral grade, and subsequent recovery of left ventricular function after rescue percutaneous coronary intervention (PCI) for failed reperfusion in acute myocardial infarction. 
D
istal intracoronary pressure (Pd) and myocardial fractional flow reserve (FFRmyo) can be measured with the pressure wire. Resistance is abolished under conditions of maximum hyperaemia, thereby establishing a direct relation between pressure and flow. In the setting of chronic stable angina, FFRmyo of ( 0.75 suggests a functionally significant lesion. Mean Pd during balloon occlusion is the coronary wedge pressure (Pw) and this is dependent on collateral circulation. The pressure derived coronary collateral flow (PDCF) index can be obtained from the mean Pw, mean aortic pressure (Pa), and mean central venous pressure (Pv) (where PDCF = Pw 2 Pv/Pa 2 Pv). [1] [2] [3] [4] [5] In patients with chronic stable angina higher PDCF has been shown to reflect collateral protection and is associated with improved outcomes after percutaneous coronary intervention (PCI). 6 The significance of increased Pw during PCI for acute myocardial infarction is uncertain. One group has reported a good correlation with collateral flow but two more recent studies did not confirm this and suggested instead that increased Pw reflects microvascular dysfunction. [7] [8] [9] In this study we have measured PDCF in the setting of rescue PCI after failed thrombolysis in acute myocardial infarction, assessing its ability to predict outcomes in left ventricular function and exploring correlations with angiographic TIMI (thrombolysis in myocardial infarction) myocardial perfusion (TMP) grade, which is a marker of microvascular dysfunction after reperfusion, left ventricular end diastolic pressure (LVEDP), and Rentrops angiographic collateral grade.
METHODS
Thirty eight consecutive patients who underwent rescue PCI for failed reperfusion between December 2000 and March 2002 consented to take part in this study. Failed reperfusion after thrombolysis was diagnosed on the basis of standard ECG criterion: failure of the peak ST segment elevation to resolve by more than 50% in the lead with maximum ST elevation at 90 minutes after initiation of thrombolytic treatment. Written informed consent was obtained and after local anaesthesia with 1% lidocaine, PCI was performed through the right femoral artery with 6 French guide catheters (Cordis, Miami, Florida, USA) without side holes. Heparin was administered as a bolus intra-arterially at a dose of 50-100 U/kg, and intracoronary glyceryl trinitrate (100 mg) was administered after selective engagement of the infarct related artery.
Coronary pressure recordings
The 0.014 inch pressure wire 3 (Radi Medical Systems, Uppsala, Sweden) was used as the primary guidewire through the 6 French guiding catheter. The wire was set at Abbreviations: FFRcor, coronary fractional flow reserve; FFRmyo, myocardial fractional flow reserve; LVEDP, left ventricular end diastolic pressure; Pa, aortic pressure; PCI, percutaneous coronary intervention; Pd, distal intracoronary pressure; PDCF, pressure derived coronary collateral flow; Pv, central venous pressure; Pw, coronary wedge pressure; TIMI, thrombolysis in myocardial infarction; TMP, TIMI (thrombolysis in myocardial infarction) myocardial perfusion 0, calibrated, and manipulated beyond the occluded or stenosed segment. Despite the pressure wire being generally less flexible than standard guidewires, in only two patients was additional backup support of a balloon necessary to cross the occluded segment. Intracoronary boluses of adenosine were used to achieve maximum hyperaemia: 40 mg in the left coronary artery and 20 mg in the right coronary artery. Pd was obtained from the pressure wire and Pa was monitored at the tip of the guiding catheter with a fluid filled system. FFRmyo was calculated as the ratio of mean Pd to mean Pa under conditions of maximum hyperaemia (where FFRmyo = Pd/ Pa). PDCF was calculated from the ratio of mean Pw (Pd during balloon inflation and complete coronary occlusion) and mean Pa (PDCF = Pw/Pa). In all patients the Pw obtained during the first balloon inflation was used to calculate PDCF. The balloon was not inflated sequentially to enable multiple recordings of Pw, as we felt that this would compromise clinical judgement and patient care. LVEDP was recorded and single plane left ventriculography was performed at the end of the procedure. Mean Pv was not routinely estimated. The use of stents and glycoprotein IIb/ IIIa blockers was at the discretion of the attending cardiologist. Follow up cardiac catheterisation including left ventriculography was performed at six months in 33 patients (one patient died during follow up and four patients declined to undertake the six month repeat angiogram after having consented to the study).
Primary exclusion criteria were cardiogenic shock, failure to obtain consent, and significant co-morbidity: renal failure (serum creatinine . 200 mmol/l), hepatic failure, severe obstructive airway disease, severe peripheral vascular disease preventing femoral arterial access, significant aortic aneurysm, and any other co-morbidity associated with a significant increase in the risk with cardiac catheterisation.
Baseline and follow up ventriculograms were analysed off line by an automated edge detection technique. The regional left ventricular function was assessed by two methods: firstly, regional wall motion by a five segment model (anterobasal, anterolateral, apical, diaphragmatic, and posterobasal), 10 and secondly, by the Slager wall motion analysis of a 20 segment model (segments 1-10 from left anterior descending coronary artery territory and segments 11-20 from left circumflex/right coronary artery territory).
11
Coronary fractional flow reserve and pre/post PDCF Coronary fractional flow reserve (FFRcor) was calculated from the ratio Pd 2 Pw/Pa 2 Pw. Pre-and post-PCI PDCF were calculated from the constancy of the equation PDCF = Pw2 Pv/Pa 2 Pv. In this study the mean Pa during different stages of PCI was recorded. As previously mentioned Pv was not routinely recorded. However, patients who were haemodynamically unstable and likely to have increased Pv (cardiogenic shock, right ventricular infarction) were excluded and hence Pv was not included in the calculations (Pv = 0).
TMP and Rentrops angiographic collateral grading TMP grades were assessed as follows: grade 0, no blush; grade 1, minimal blush; grade 2, good blush with slow clearing of myocardial contrast; and grade 3, good blush with normal clearing of myocardial contrast.
Rentrops collateral grades were assessed as follows: grade 0, no filling of infarct related artery with contralateral injection; grade 1, filling of small side branches of infarct related artery; grade 2, good filling of major side branches of the infarct related artery; and grade 3, excellent filling of the infarct related artery up to the segment of obstruction.
Two physicians, one of whom was blinded to the study protocol, assessed pre-and post-PCI TIMI flow, post-PCI TMP grade, and Rentrops collateral grade. In case of discrepancy (which occurred with respect to two patients) the opinion of a third physician was considered final.
Statistical methods
Analyses explored the relations between PDCF, microvascular perfusion (TMP grade), angiographic collateral grade (Rentrops), and ventricular function (LVEDP, wall motion index, and Slager wall motion index).
Mean and standard deviations were calculated for pre-and post-FFRmyo, pre-and post-FFRcor, and PDCF before PCI, during balloon inflation, and after PCI. Changes in PDCF during balloon dilatation and after PCI were compared with pre-PCI values and assessed for significant departure from zero by paired t tests. Mean PDCF and Pw values for patients with differing TMP (0 versus . 0) and Rentrops collateral grades (0 versus . 0) were compared with two sample t tests (assuming unequal variance) and Pearson correlation coefficients were calculated. A probability value of p , 0.05 was considered significant, and no adjustment has been made for multiple comparisons.
To explore the relation between LVEDP and PDCF, a scatter plot was formed. Then the patients were categorised into two groups: significantly increased LVEDP (. 20 mm Hg); and normal or mildly increased LVEDP (, 20 mm Hg). Mean PDCF was compared between these two groups by a two sample t test.
Normal theory regression analyses were performed to explore the linear relations between PDCF as the explanatory variable and regional left ventricular function (as measured by the change over baseline in the regional and Slager wall motion indices). This was adjusted for the territory involved (either left anterior descending coronary artery or left circumflex/right coronary artery territories).
RESULTS
Pre-PCI FFRmyo and PDCF during initial balloon dilatation were documented in all patients. We were unable to record the post-PCI FFRmyo in four patients because of device failure. Table 1 shows demographic and patient details. Table 2 shows the numbers of patients with each TIMI flow grade before PCI and the change in grade after PCI. Table 3 details post-PCI TMP grades of all patients. Table 4 shows mean (SD) FFRmyo, FFRcor, and PDCF before PCI, during balloon occlusion, and after PCI (n = 38). (table 5) .
DISCUSSION
Coronary collateral blood flow can be quantified with the pressure or Doppler wire. 12 13 This can be done only in the setting of PCI, as it requires the measurement of Pwabsolute, mean Pd during balloon inflation, and complete coronary occlusion. The ratio of mean Pw to mean Pa during balloon inflation is PDCF (Pw 2 Pv/Pa 2 Pv). Provided that mean Pv and mean Pa are known, the theoretical mean Pw before and after PCI can be calculated from the constancy of the above equation. This will enable the estimation of FFRcor, which is a direct measure of antegrade coronary flow. [1] [2] [3] [4] [5] In this study mean Pv was not routinely estimated but patients who were haemodynamically unstable and likely to have increased Pv were excluded. Hence, Pv was considered to be 0 and the equation was simplified to PDCF = Pw/Pa.
PDCF has been shown in prospective studies to predict future ischaemic events after PCI in patients with stable angina and normal left ventricular function. A Pw 2 Pv/ Pa 2 Pv of , 0.28 or Pw/Pa of , 0.30 was associated with a nearly five times greater risk of a future ischaemic event, which was evident even at five years after the intervention. 6 Studies in the setting of acute myocardial infarction are sparse. A PDCF index of . 24% (that is, PDCF . 0.24) has been shown to be the strongest predictor of wall motion recovery after primary PCI. This was independent of time to reperfusion. This study selected patients who achieved complete reperfusion angiographically (TIMI 3 flow) after primary PCI. Blush scoring was not done to subselect patients with microcirculatory dysfunction, and those with lower TIMI flows were excluded. 7 One of the problems with the use of the pressure wire in the setting of acute myocardial infarction is microvascular dysfunction and loss of viable myocardium, which can theoretically reduce the maximum hyperaemic response to both intravenous and intracoronary stimuli. This is highlighted by the results obtained by Yamamoto and colleagues 8 in the same clinical setting. In their study patients with lower grades of TIMI flow after PCI were not excluded and microvascular function was assessed by contrast echocardiography at the end of the procedure. Two groups were identified: those with contrast echocardiography no reflow and those with contrast echocardiography reflow. PDCF was significantly higher in the contrast echocardiography no reflow group and, moreover, this correlated inversely with the extent of regional wall motion improvement at 28 days. The authors concluded that PDCF in this clinical setting more closely reflects microcirculatory dysfunction than collateral flow. 8 The increased Pw and thereby higher PDCF may also be affected by reduced myocardial contractility or increased LVEDP. More recently, PDCF in patients with TIMI 3 flow after thrombolysis (PCI performed at a mean of five days after an acute myocardial infarction) was inversely correlated with resolution of ST segments. 9 Similar studies in the setting of rescue PCI are of interest because microcirculatory dysfunction is the rule rather than the exception. When failed reperfusion is diagnosed by standard ECG criteria the usual finding at angiography is thrombotic occlusion of the infarct related artery. However, ECG evidence of failed reperfusion may persist despite an open artery with TIMI 2 or 3 flow. These patients have poor or absent tissue perfusion and wall motion abnormalities that deteriorate on pharmacological stress testing. It is important to recognise this group of patients, as their outcomes are poor compared with those of patients who achieve complete reperfusion.
14 TMP grading has emerged as a semiquantitative angiographic method of assessment of myocardial microcirculatory function after reperfusion either by thrombolysis or by PCI. In patients with TIMI 3 flow after thrombolysis, normal or near normal tissue reperfusion (TMP 2/3) is associated with superior clinical outcomes compared with abnormal tissue reperfusion (TMP 0/1). 15 Stone and colleagues 16 have shown a similar relation in the setting of primary and rescue PCI. In 163 of the 171 patients who achieved TIMI 3 flow after PCI, one year cumulative mortality was strongly correlated with TMP grade after PCI (6.8% with TMP grade 3 v 13% with TMP grade 2 v 22% with TMP grade 0/1, p = 0.002)). 16 Infarct sizes are smaller in patients who achieve superior TMP grade after reperfusion. 17 Subsequent ventricular remodelling and changes in the left ventricular function appear to be positively influenced in these patients. Despite being considered a relatively crude method of assessment of microvascular function, TMP grading has been well validated and is the simplest method available. [15] [16] [17] [18] We found a strong association between increased PDCF index and lower TMP grade (fig 1) . Mean Pw was also similarly related to TMP grade.
In addition to more prolonged time to reperfusion, persistent microcirculatory dysfunction despite technically successful PCI is likely to be responsible for inferior outcomes with rescue PCI compared with successful thrombolysis and primary PCI. In this study, 26 patients (68%) had TMP grade 0 after rescue PCI despite TIMI 3 flow in the epicardial artery. Downstream microvascular obstruction, a adrenergic neural reflexes, spasm, or thrombotic occlusions of microvessels contribute to the impaired microvascular perfusion in these patients. 19 Additional treatment with glycoprotein IIb/IIIa blockers or intracoronary vasodilators (nitrates, verapamil, adenosine) may improve the microcirculation, but evidence of improved outcomes is lacking except in the case of abciximab. 20 LVEDP in acute myocardial infarction is strongly influenced by the status of the systolic function and increased LVEDP is a marker of infarct size. 21 22 Patients with significantly increased LVEDP (. 20 mm Hg) had increased PDCF compared with patients with normal or mildly increased LVEDP (, 20 mm Hg), which nearly achieved significance (fig 2) . Furthermore, we found no correlation between PDCF and Rentrops angiographic collateral grade (fig 3) .
We found no linear relation between changes in regional left ventricular function and PDCF. This suggests that PDCF in the clinical setting of this study cannot predict outcomes in left ventricular function. This is further emphasised by the similar mean PDCF values and the wide overlap of this index between patients with improved and patients with deteriorated left ventricular function.
Limitations
The number of patients in this study was relatively small, which will have reduced our ability to detect reliably what may be clinically important relations between the study measurements. It is possible that the inability of PDCF to predict outcomes in left ventricular function was influenced by this limited number of patients, with the wide confidence intervals around the estimated effects not ruling out some possibly large effects. However, the wide overlap of PDCF values between patients with and without improved regional function suggests an absence of such an association.
Small changes may occur in Pv during PCI and this may affect the calculated Pw and hence the pressure wire derived collateral flow. These changes did not affect measured PDCF and TMP conclusions in this study.
Intravenous rather than intracoronary adenosine does result in a more sustained period of maximum hyperaemia. However, provided that doses of intracoronary adenosine are adequate-as in this study-maximum hyperaemia comparable with intravenous administration is attained but for a shorter duration. 23 Moreover, we have previously performed these measurements with intravenous adenosine and found no impact on the calculated PDCF.
TMP grading is a semiquantitative method for assessment of microvascular function and has its limitations. It may be less accurate than other techniques, such as contrast echocardiography, dobutamine stress echocardiography, and cardiac magnetic resonance imaging. [24] [25] [26] However, the simplicity of TMP grading makes it an attractive technique and its clinical utility has been established in several studies. 15-17 27 We used the method described by Gibson and colleagues. 15 It is possible that slightly different results may have been obtained if the alternative method described by van't Hof and colleagues had been used. 18 However, both methods have been validated and adopted.
Conclusion
In the clinical setting of failed reperfusion after thrombolysis for acute myocardial infarction, the PDCF index does not predict outcomes in left ventricular function. Higher PDCF is associated with lower TMP grade, increased LVEDP, and angiographic evidence of microvascular dysfunction and does not truly reflect collateral protection. We postulate that the PDCF index in acute myocardial infarction is invalid and that Pw reflects a dysfunctional microcirculation.
